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Microstructured metallic gratings can be used to enhance the light emission efficiency of LEDs, and the spectral radiation proper-
ties of the LEDs vary with the different metallic materials used, leading to variation of the light emission enhancement at the same 
wavelength for different metallic grating materials. In this paper, the finite difference time domain (FDTD) method has been used 
to investigate the light emission extraction enhancement of LEDs in which gratings with different metallic materials have been 
applied. Through analysis of the permittivity of the metals and the quality factors of the surface plasmons (SPs), we concluded 
that the larger the plasma frequency obtained for the metallic interband transition, then the more suitable the metals are for light 
emission extraction of photons with relatively short wavelengths. This is because of the abundance of free electrons in the metals 
with large plasma frequencies. We also found that the wavelength-dependent trends of the extraction enhancement resulting from 
the scattering mechanism for different metallic materials are similar to each other. For SP-induced enhancement, either the en-
hancement peak position or the peak value changes significantly with the different metals. 
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Control methods using the spectral properties of micro-
structures can be used to tune the radiative properties of 
light-emitting devices (LEDs). When these microstructures 
are introduced into the devices, the near-field radiative elec-
tromagnetic properties of the devices are changed, which 
can lead to an improvement in the light emission efficiency. 
Because of the differences between the refractive indices of 
the semiconductor layers in the LED chip, the photons pro-
duced by radiative recombination in the relatively high in-
dex layer suffer from total internal reflection (TIR) [1,2]. 
The evanescent waves and guided modes that result from 
the TIR cannot escape from the layers, which results in a 
reduction in the light emission efficiency. 
Over the last few years, a variety of methods based on 
microstructures have been proposed to enhance the light 
emission efficiency of LEDs. These methods can be divided 
into two categories [2]: those that change the propagation 
paths of the radiated photons through the introduction of 
microstructures, and those that use the microstructures to 
change the spontaneous emission properties of the active 
region of the LED chip. A method based on the surface 
plasmons (SPs) of the microstructures can improve the light 
emission efficiency attributed to the enhancement of the 
spontaneous emission. The SPs result from the electromag-
netically stimulated collective oscillations of free electrons 
in the materials. Metal materials are therefore usually ap-
plied for the excitation of SPs because of the abundance of 
free electrons in metals. Many researchers have reported 
that the light emission efficiency can be enhanced by using 
metallic microstructures. Okamoto et al. [3] found that be-
cause of the coupling of SPs with quantum wells (QWs), a 
14-fold enhancement in the peak photoluminescence inten-
sity was observed in Ag-coated InGaN QWs, while the lu-
minescence intensity integrated over the emission spectrum 
was increased by 17 times. When Ag nanoparticles were 
embedded in the semiconductor layers of InGaN/GaN mul-
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tiple QW (MQW) blue LEDs, the optical output power of 
these LEDs was enhanced by 32.2% [4]. An electrolumi-
nescence intensity enhancement of 1.8 times has also been 
observed for a GaN-based light-emitting diode with Au na-
noparticle-arrayed layer [5]. Drezet et al. [6] found that Au 
plasmonic gratings on a high index substrate (GaP) can en-
large the escape cone to increase the light extraction effi-
ciency of LEDs. Because of the localized SPs on the metal-
lic nanoparticles, at 900 nm, a factor of 8 enhancement in 
the electroluminescence of a silicon-on-insulator LED with 
Ag nanoparticles has been demonstrated [7]. In these appli-
cations for metal nanoparticles, Ag, Au and Al are most 
popular. However, there are few systematic studies of the 
application of gratings with different metal materials to light 
emission enhancement. 
In this paper, based on our previous work, and using the 
finite difference time domain (FDTD) method, the effects of 
microstructured metallic gratings composed of the metals 
titanium (Ti), copper (Cu), gold (Au), silver (Ag), alumi-
num (Al) and the perfect electric conductor (PEC) on the 
light extraction efficiency of LEDs have been investigated. 
Through an analysis of the dielectric function of these met-
als and their corresponding light extraction enhancements, 
the practical aspects of the different metals in the different 
bands have been summarized. This can play a guiding role 
for experimental work. 
1  LED model 
Figure 1 shows a schematic of the flip-chip LED model 
used in the FDTD simulation. The model consists of two 
dielectric layers and the microstructured metallic grating. 
One of the dielectric layers is made of GaN, which is used 
to simulate the active layer of the GaN-LED chip, and its 
refractive index is 2.5 [8]. In the middle of the GaN layer, 
MQWs are also considered, and the refractive index and 
thickness for each well are 2.5+i0.045 [9] and 100 nm, re-
spectively. The TE or TM polarized radiation source is lo-
cated in the MQWs. A sapphire layer is used as the sub-
strate, with a refractive index of 1.76 [8]. The period, filling 
factor, Metallic grating thickness, and the distance between 
the grating and the GaN layer are represented by Λ, f, d, and 
h, respectively, in which, the filling factor f=L/Λ. tGaN and 
tsapphire denote the thicknesses of the GaN and sapphire lay-
ers, respectively. The chip is surrounded by an absorbing 
boundary condition of a perfect matched layer (PML) in the 
FDTD simulations. The dash dotted lines S1 and S2 repre-
sent the energy collecting surfaces at distances of tup and tlow 
from the chip surfaces, respectively. In the simulation, the 
data collected by these two surfaces are used to calculate the 
enhancement factor of the light extraction. Beside the 
thicknesses of the PML with 20 grids, the side lengths of the 
calculation domain are Lx and Ly along the x-axis and y-axis, 
respectively. 
To enhance the light extraction efficiency, the plasmonic 
grating is placed near the interface between the GaN and the 
sapphire layers, which is based on the coupling of the 
near-field evanescent wave to the propagation wave using 
the micro-structured grating. Because of the excitation of 
SPs around the metal material, the enhancement becomes 
more obvious. 
2  The Lorentz-Drude model of metallic dielec-
tric function 
According to the features of the FDTD simulation, if the 
electromagnetic properties of a wavelength band are to be 
attained, the dielectric function that changes with wave-
length is needed. The dielectric properties of metals consist 
of two parts: the first part is the intraband transition, which 
is called the free-electron model (or Drude model) fr ( )  ; 
the other part is the interband transition, which is called the 
bound-electron model (or Lorentz model) br ( )  . Thus, the 
Lorentz-Drude model of metallic dielectric function is ex-
pressed as follows [10]: 
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Figure 1  Schematic of the flip-chip LED model and the parameters of the structure. 
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f     
    i ,  (4) 
where ωP, N, ωj, fj and Γj represent the plasma frequency, 
the number of the Lorentz vibrator, the resonance frequency, 
the strength factor and the damping frequency, respectively. 
p 0 pf   is the plasma frequency corresponding to the 
intraband transition. 
As a necessary condition of excitation of the SPs, the real 
part of the dielectric function of the material must be nega-
tive. Because abundant free electrons are present in the 
metal, which leads to the metal having a negative real part 
of its dielectric function, the metal is the best choice of 
plasmonic material. However, for different metals, because 
of the differences in the density of the free electrons, the 
dielectric parameters, including ωP and Γj, are different for 
each of the metals. These changes make the excitation 
bands of the SPs and the attenuation lengths of the SPs dif-
ferent. Meanwhile, the excitation of SPs also relates to the 
structural features of the metals and of the surrounding me-
dia. Different micro-structural features can also result in a 
shift in the SP band. In this paper, by using fixed dimen-
sions for each structural parameter, different metals have 
been used as the plasmonic metals to analyze the applicabil-
ity of each of these metals to different bands. 
3  Results and discussions 
By comparing the plasma frequencies p  of the different 
metals, Ti, Cu, Au, Ag, Al and the PEC have been selected 
as the plasmonic materials for the microstructured gratings. 
The structural parameters of the LED model are listed in 
Table 1. 









 ,  (5) 
where Pλ,with and Pλ,without represent the total energy of a spe-
cific wavelength on the energy collecting surface S when 
the LED chip is modeled with and without metallic gratings, 
respectively. 
Figure 2 shows the enhancement factors of the energy 
collecting surface S1. The enhancement factors have been  
calculated for differently polarized incident waves (TM and 
TE waves) and the different metals. It can be shown from 
the figure that because of the introduction of the mi-
cro-structured metallic grating, the light extraction effi-
ciency has been effectively improved at most wavelengths, 
regardless of whether the radiation source is TM or TE  
polarized. The mechanisms of this improvement are    
attributed to two sources [11]: the scattering function of the 
microstructured metallic grating and the excitation of SPs at 
Table 1 Structural parameters of the LED model 













the interface between the metal and the surrounding media. 
The enhancement trends corresponding to the scattering 
function are the same for all of the metals. In particular, for 
the TE polarized radiation source, which cannot stimulate 
SPs at the metal-dielectric material interface, it can be 
shown from Figure 2(c) and (d) that although the values of 
the enhancement factors vary with the metals, the position 
of the peak value remains the same. However, the en-
hancement factors resulting from the SPs vary greatly for 
the different metals. From the enhancement factors of the 
TM polarized waves, it can be shown that the peak values or 
the peak positions undergo significant changes if the en-
hancement is caused by the excitation of SPs (relatively 
long wavelength band). 
Figure 2(b) and (d) show that the scattering function of 
PEC is strongest. For both TM and TE waves, the en-
hancement factors of PEC that result from the scattering 
function are the largest. This is attributed to the fact that the 
photons cannot enter the PEC material. Thus, the photons 
cannot be absorbed and are scattered totally by the material, 
which obviously leads to the greater enhancement. However, 
in the relatively long wavelength band, the enhancement 
factors of PEC are smaller than those of several other metals, 
which is because SPs cannot be stimulated using PEC mate-
rials. The enhancement for PEC is therefore based on the 
strong scattering of photons. 
Figure 3 shows the real and imaginary parts of the die-
lectric functions for the five kinds of metals, which are 
computed using the Lorentz-Drude model. The figure indi-
cates that the real part (absolute value) of the dielectric 
function of Al is the largest among the metals, which leads 
to very strong scattering of photons. With increasing wave-
length, the imaginary part of the dielectric function of Al 
increases rapidly. This can result in strong absorption of 
photons. The dielectric function of Ti has a small real part 
and a large imaginary part so that photons can easily enter 
Ti and are strongly absorbed. It is shown in Figure 2 that the 
enhancement of Ti is weak, especially in the relatively long 
wavelength part of the visible spectrum. Because of the 
similar dielectric properties of Cu and Au, the trends and 
values of the enhancement factors of the two metals are 
similar. In the visible spectrum, the photon absorption of Ag  
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Figure 2  Enhancement factors of energy collecting surface S1 when the radiation sources are TM (p polarized) and TE (s polarized) waves. 
 
Figure 3  Changes in dielectric constant of metals with wavelength. 
is weak because the imaginary part of the Ag dielectric 
function is very small (<1.6). However, for the real parts of 
the dielectric functions of Ag and Al, because the value for 
Ag is smaller than that for Al in the relatively short wave-
length part of the visible spectrum, the Al grating scatters 
photons more strongly than the Ag grating. This is illustrat-
ed in Figure 2, where the enhancement factors correspond-
ing to Ag are the smallest in the short visible spectrum for 
TE waves. 
As long as the metal material has a negative real part of 
its dielectric constant, SPs can potentially be stimulated by 
the TM wave. The quality factor of the excited SPs varies 
with the different metals and wavelengths. The quality fac-
tor takes into account the real and imaginary parts of the 
dielectric constant, which allows it to evaluate the overall 











 .  (6) 
Figure 4 shows the quality factors of the five metals. The 
larger the quality factor becomes, then the stronger the SPs 
that are excited at the metal-dielectric interface and the 
weaker the damping of the photons that occurs. The figure 
indicates that the quality factors of Ag are the largest in the 
long visible spectrum, which results in a large enhancement 
factor for LED chips with microstructured Ag gratings. 
From the above analysis, it can be seen that because of  
the differences in the metallic dielectric properties, different 
metals should be used in the appropriate wavelength bands 
to enhance light emission efficiency. For the five metals 
studied, i.e. Al, Ag, Cu, Au and Ti, the plasma frequencies 
pΩ  are 10.83, 8.28, 8.21, 7.87 and 2.81 eV, respectively. 
The plasma frequency of Al is the largest. It can be con-
cluded that the larger the plasma frequency of the metal, 
then the more appropriate it is to use the metal to enhance 
light emission efficiency at relatively short wavelengths. It  
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Figure 4  Quality factors of SPs for Ti, Cu, Au, Ag, and Al metals. 
should be noted that because the smallest photon absorption 
is that of Ag, it is thus the best plasmonic material for the 
visible spectrum, especially in the long wavelength band. 
Cu and Au are suitable for the extraction of near-infrared 
light. From the experimental research in the literature [13], 
it was also found that when the total thickness is fixed with 
the changes occurring in the Au/Ag thickness ratios (0/50, 
2/48, 4/46, 6/44, 8/42, 10/40, 12/38, 50/0), thicker Au layers 
led to longer peak wavelengths for the light emission en-
hancement. The wavelength corresponding to Ti should also 
be much longer. 
4  Conclusions 
In this paper, the effects of different metallic gratings on the 
light extraction efficiency of LED chips have been investi-
gated. The enhancement factors of the light extraction effi-
ciency are attained based on the FDTD method combined 
with the Lorentz-Drude model of the metal materials. The 
results indicate that the enhancements resulting from the 
scattering functions of the gratings have the same trends for 
different metals. For the SP-enhanced extraction, the trends 
and peak values of the enhancement factors depend on the 
metallic dielectric properties. From analysis of the metallic 
dielectric properties and the quality factors of the SPs, it 
was concluded that because of the abundance of free
electrons in the metal materials with large plasma frequen-
cies, the metal materials are closer to the PEC and are more 
suitable for the extraction of short wavelengths. Al is most 
suitable for the extraction of visible short wavelengths. Ag 
is an excellent SP material, and has greater advantages at 
visible long wavelengths. Cu and Au are more suitable for 
near-infrared extraction. Ti has the lowest plasma frequency, 
and the micro-structured Ti grating is not suitable for the 
extraction of visible light. 
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